Introduction
============

Osteoclasts are multinucleated cells capable of resorbing calcified cartilage and bone matrix during skeletal development, homeostasis, and repair [@B1]. Osteoclastic bone resorption coupling with bone formation by osteoblasts remodel the adult skeleton and help to maintain bone mass [@B2]. However, excessive bone resorption, either caused by increased osteoclast number or enhanced activity under pathological conditions, leads to bone loss in metabolic bone diseases such as postmenopausal osteoporosis, rheumatoid arthritis, Paget\'s disease of bone, periodontal disease and lytic tumor bone metastasis [@B3]. Thus, identification of the molecular mechanisms governing osteoclast differentiation and function will not only improve our understanding of the pathogenesis of human skeletal diseases but provide new therapeutic targets for treatment of these diseases as well.

Mature osteoclasts are formed by fusion of mononuclear precursors of the monocyte/macrophage lineage of hematopoietic origin. Macrophage colony-stimulating factor (M-CSF) and the receptor activator of nuclear factor-κB (NF-κB) ligand (RANKL) are two indispensable cytokines for osteoclastogenesis *in vitro* and *in vivo* [@B4]. While M-CSF stimulates the proliferation of macrophages and the survival of osteoclasts by activating extracellular signal-regulated kinase (ERK) and phosphoinositide-3-kinase/Akt (PI3K/AKT) pathways, RANKL is a major osteoclast differentiation factor. RANKL activates mitogen-activated protein kinase (MAPK), NF-κB, and PI3K/AKT pathways and induces calcium oscillation that also requires co-stimulating signals from immunoglobulin-like receptors and their associated adapter proteins. These pathways converge to induce and activate nuclear factor of activated T cells 1 (NFATc1), a master transcription factor of osteoclast differentiation [@B4], [@B5]. Systemic hormones and other cytokines/growth factors in the bone marrow microenvironment regulate osteoclast number or activities through controlling the expression of M-CSF and RANKL in other cell types of bone marrow or modulating the downstream signaling pathways of these two cytokines in osteoclast lineage cells [@B6].

Heterozygous disruption of the *Lis1*(lissencephaly-1) gene, resulting in haploinsufficiency of LIS1, causes classical lissencephaly, a severe human developmental brain disorder manifested by a smooth cerebral surface and disorganized cortical layers due to defects in neuronal migration [@B7], [@B8]. LIS1 interacts with NDE1 (nudE neurodevelopment protein 1)/NDEL1 (nudE neurodevelopment protein 1 like 1) and regulates microtubule organization and the function of minus-end oriented microtubule motor, the cytoplasmic dynein [@B9], [@B10]. LIS1 is also known as PAFAH 1b1 (platelet-activating factor (PAF) acetylhydrolase 1b complex subunit 1, a regulatory subunit of PAFAH 1b complex that inactivates PAF [@B11]. PAF is one of the most potent lipid messengers and is involved in a variety of physiological and pathological events [@B12]. PAF binds to a unique lipid G-protein coupled PAF receptor (PAFR) that initiates intracellular signals leading to mobilization of intracellular Ca^2+^ and activation of MAPK [@B13]. Osteoclasts express high levels of PAF biosynthetic enzymes and PAFR [@B14]. More importantly, PAFR-deficient mice have lower osteoclast survival rate and bone resorption [@B14]. Both LIS1 and its binding protein NDEL1 regulate the activity of CDC42, a member of small GTPase Rho family, by direct interaction with CDC42 and its endogenous inactivator CDC42GAP, respectively [@B15], [@B16]. We have previously reported that CDC42 is critical for osteoclast formation and bone homeostasis through modulation of M-CSF and RANKL signaling [@B17].

Given that LIS1-depletion in macrophages by short-hairpin RNAs inhibits osteoclastogenesis in vitro [@B18] and that PAF and CDC42 play an important role in regulation of osteoclast formation in vitro and in vivo [@B14], [@B17], we hypothesize that LIS1 may play an important role in osteoclastogenesis via PAF and/or CDC42. To elucidate the role of LIS1 in osteoclasts, we generated LIS1 conditional knockout mice in which LIS1 is specifically deleted in osteoclast precursor cells. We here provide *in vivo* and *in vitro* evidence indicating that LIS1 plays an important role in regulation of cell survival of osteoclast progenitors by modulating signaling pathways and CDC42 activated by M-CSF and RANKL.

Materials and Methods
=====================

Mice
----

The LIS1-floxed mice (stock number 008002) and LysM-Cre mice (stock number 004781), both in C57BL6/129 mixed background, were obtained from The Jackson Laboratory. The sequences of genotyping primers and PCR protocols followed those provided by The Jackson Laboratory. All animal procedures used in this study were approved by the Institutional Animal Care and Use Committees of the University of Arkansas for Medical Sciences.

Micro-CT
--------

The left femurs and L4 vertebrae of 5-month old control (+/+; LysM-Cre) and LIS1 conditional knockout mice (LIS1 flox/flox;LysM-Cre) were cleaned of soft tissues and fixed in 10% Millonig\'s formalin with 0.5% sucrose for 24 hours. The bone samples were gradually dehydrated into 100% ethanol. The bones were loaded into a 12.3-mm diameter scanning tube and were imaged in a μCT (model μCT40, Scanco Medical). We integrated the scans into 3-D voxel images (1024 x 1024 pixel matrices for each individual planar stack) and used a Gaussian filter (sigma = 0.8, support = 1) to reduce signal noise. A threshold of 200 was applied to all scans, at medium resolution (E = 55 kVp, I = 145 μA, integration time = 200ms).

Histology and bone histomorphometry
-----------------------------------

The histology and histomorphometry measurements were performed as previously described [@B19]. In brief, the right femurs were fixed in 10% Millonig\'s formalin with 0.5% sucrose for 24 h and were gradually dehydrated into 100% ethanol. The femurs were embedded undecalcified in methyl methacrylate and stained for Goldner trichrome staining. The histomorphometric examination of trabecular bone, osteoblast number, and osteoid volume, was done on 5 μm longitudinal sections with a digitizer tablet (OsteoMetrics, Inc., Decatur, GA, USA) interfaced to a Zeiss Axioscope (Carl Zeiss, Thornwood, NY, USA) with a drawing tube attachment. The right tibia was fixed in 10% Millonig\'s formalin for 24 h and were decalcified in 14% EDTA for 7-10 days. The bones were embedded in paraffin before obtaining 5-μm longitudinal sections. After removal of paraffin and rehydration, sections were stained for TRAP activity and counter-stained with haematoxylin and osteoclasts were enumerated on the trabecular bone surface.

Bone marrow monocyte and osteoclast cultures
--------------------------------------------

Cell culture media and L-Glutamine-penicillin-streptomycin (GPS) solution were purchased from Invitrogen and Sigma-Aldrich, respectively. Fetal bovine serum was purchased from Hyclone. Bone marrow monocyte (BMM) and osteoclast (OC) cultures were conducted as before [@B20]. Whole bone marrow was extracted from tibia and femurs of one or two 8-10-week-old mice. Red blood cells were lysed in buffer (150 mM NH~4~Cl, 10 mM KNCO~3~, 0.1 mM EDTA, pH 7.4) for 5 minutes at room temperature. 5 × 10^6^ bone marrow cells were plated onto a 100mm petri-dish and cultured in α-10 medium (α-MEM, 10% heat-inactivated FBS, 1 × GPS) containing 1/10 volume of CMG 14-12 (conditioned medium supernatant containing recombinant M-CSF at 1µg/ml) for 4 to 5 days. Pre-osteoclasts and osteoclasts were generated by culturing BMMs (at density of 1.5 × 10^4^/well of a 48-well tissue culture plate) with 1/100 vol of CMG 14-12 culture supernatant and 100 ng/ml of recombinant RANKL to 2 and 4 days, respectively.

Tartrate-resistant acid phosphatase (TRAP) staining TRAP5b ELISA
----------------------------------------------------------------

BMMs were cultured on 48-well tissue culture plate in α-10 medium with M-CSF and RANKL for 4-5 days. The cells were fixed with 4% paraformaldehyde/phosphate buffered saline (PBS) and TRAP was stained with NaK Tartrate and Napthol AS-BI phosphoric acid (Sigma-Aldrich). The level of TRAP5b in the culture medium was measured by an ELISA kit (SB-TR103, Immunodiagnosticsystems) following the manufacture\'s instruction.

RNA isolation and quantitative real time RT-PCR
-----------------------------------------------

Total RNA was purified using RNeasy mini kit (Qiagen) according to the manufacture\'s protocol. First-strand cDNAs were synthesized from 1 μg of total RNA using the High Capacity cDNA Reverse Transcription kits (Thermo-Fisher Scientific) following the manufacturer\'s instructions. TaqMan quantitative real-time PCR was performed using the following primers from Life Technologies: *Acp5* (Mm00475698_m1); *CalcR*(Mm00432282_m1); *Ctsk* (Mm00484039_m1). Samples were amplified using the StepOne^Plus^ real-time PCR system (Thermo-Fisher Scientific) with an initial denaturation at 95 ºC for 10 min, followed by 40 cycles of 95 ºC for 15 s and 60 ºC for 1 min. The relative cDNA amount was calculated by normalizing to that of the mitochondrial gene *Mrps2* (mitochondrial ribosomal protein S2), which is steadily expressed in both BMMs and osteoclasts, using the ΔCt method [@B21], [@B22].

Antibodies and Western blotting
-------------------------------

The antibodies were obtained from the following resources: mouse anti-LIS1 monoclonal antibody was a generous gift from Dr. O Reiner (The Weizmann Institute of Science, Rehovot, Israel); mouse monoclonal anti-Cathepsin K (CTSK) (clone 182-12G5) (Millipore); rabbit polyclonal anti-ERK1/2; mouse monoclonal anti-phospho-ERK1/2 (Thr202/Tyr204); mouse monoclonal anti-AKT (pan) (clone 40D4); rabbit monoclonal anti-phosphor-AKT (Ser473) (clone 193H12); mouse monoclonal anti-phospho-JNK (Thr183/Tyr185) (clone G9;, rabbit polyclonal anti-IKB-α; mouse monoclonal anti-phospho-IKB-α (Ser32/36) (clone 5A5) (Cell Signaling); mouse monoclonal anti-Dynein intermediate chain (74.1) (Millipore). Cultured cells were washed with ice-cold PBS twice and lysed in 1 x RIPA buffer (catalog number R-0278, Sigma) containing 1 mM DTT and Complete Mini EDTA-free protease inhibitor cocktail (catalog number 04693159001, Roche), as described previously [@B23]. After incubation on ice for 30 min, the cell lysates were clarified by centrifugation at 14,000 rpm for 15 min at 4°C. 10 to 30 µg of total protein were subjected to 8% or 10% SDS-PAGE gels and transferred electrophoretically onto polyvinylidene difluoride membrane (catalog number IPVH00010, EMD Millipore) by a semi-dry blotting system (Bio-Rad). The membrane was blocked in 5% fat-free milk/Tris-buffered saline for 1 hour and incubated with primary antibodies at 4°C overnight followed by secondary antibodies conjugated with horseradish peroxidase (Santa Cruz Biotechnology). After rinsing 3 times with Tris-buffered saline containing 0.1% Tween 20, the membrane was subjected to western blot analysis with enhanced chemiluminescent detection reagents (catalog number WBKLS0100, EMD Millipore).

Flow cytometric analysis of cell cycle progression
--------------------------------------------------

BMMs were lifted by 1 × Trypsin/EDTA (Thermo-Fisher Scientific) and were suspended in cold PBS at 1 × 10^6^/ml. Cells were incubated with 25ug/ml of 7-aminoactinomycin-D (7\'AAD) (BD Biosciences) for 30 minutes on ice. The cell cycle analysis was performed by flow cytometry at Flow-cytometry Core Facility of University of Arkansas for Medical Sciences.

Cell Death ELISA
----------------

For the detection of osteoclast apoptosis, BMMs were cultured with M-CSF and RANKL for 2 days. Cell death of pre-osteoclasts was analyzed using cell death detection ELISA PLUS kit (catalog number 11774425001, Roche), which detects cytoplasmic histone-associated DNA fragmentation.

CDC42 activation assay
----------------------

Pre-osteoclasts were serum and cytokine starved for three hours and were stimulated with 50ng/ml of M-CSF or 100ng/ml of RANKL for the indicated time. The cells were lysed and CDC42-GTP was examined by an effector domain, GST-fusion pulldown protocol using EZ-detect CDC42 activation kit (catalog number 16119, Thermo-Fisher Scientific).

Retroviral Transduction
-----------------------

The pMX retroviral empty and recombinant CDC42Q61L vectors were transfected into Plat E retroviral packing cells using TransIT-LT1 transfection reagent (catalog number MIR2300, Mirus Bio LLC). Virus supernatants were collected at 48 h after transfection. BMMs were transduced with viruses for 24 h in α-10 medium containing M-CSF and 20 μg/ml of protamine. Cells were then selected in α-10 medium containing M-CSF and 1.5 μg/ml of blasticidin (catalog number 203350, EMD Chemicals) for 3 days.

Statistics
----------

For all graphs, data are represented as the mean ± standard deviation. Data of 2-group comparisons were analyzed using a 2-tailed Student\'s *t* test. For comparison of more than 2 groups, data were analyzed using one way Analysis of Variance (ANOVA) and the Bonferroni procedure was used for Tukey comparison.

Results
=======

Conditional deletion of LIS1 gene in osteoclast precursor cells in mice leads to increased bone mass and decreased osteoclasts on trabecular bone
-------------------------------------------------------------------------------------------------------------------------------------------------

To elucidate the role of LIS1 in osteoclastogenesis *in vivo*, we generated conditional knockout mice with specific deletion of LIS1 gene in osteoclast precursor cells by crossing LIS1-floxed mice with LysM-Cre mice in which the Cre recombinase is expressed from the endogenous *Lysozyme B* locus in myeloid cells, including monocytes, mature macrophages, and granulocytes. The LIS1 flox/flox;Cre/+ mice were designated as conditional knockout mice (cKO). The initial examination of bone mineral density of wild type, LIS1 flox/flox; +/+, and +/+;Cre/+ mice showed no difference among these three mouse lines. We used +/+; Cre/+ mice as littermate controls (con) for further studies. The LIS1 cKO mice were viable, fertile, and normal in size and body weight. They did not display any overt abnormalities.

5-month-old male and female LIS1 cKO mice displayed an increase in trabecular bone mass (BV/TV) in long bones and vertebrae (Figure [1](#F1){ref-type="fig"}-[2](#F2){ref-type="fig"} and supplemental Figure [1](#SM1){ref-type="supplementary-material"}). Micro-CT analysis demonstrated an elevation in trabecular number (Tb.N), trabecular thickness (Tb. Th), bone mineral density (BMD), and decreased trabecular separation (Tb. Sp) in LIS1 cKO mice as compared to their littermate controls. A slight increase of cortical bone thickness was observed only in male cKO mice (Figure [1](#F1){ref-type="fig"}B). Histomorphometry analysis of paraffin-embedded, TRAP-staining sections of proximal tibias and plastic-embedded, Goldner-staining sections of distal femurs from 5-month old female LIS1 cKO and con mice revealed a similar increase in BV/TV in LIS1 cKO mice (Figure [2](#F2){ref-type="fig"}). In accordance with our previous *in vitro* findings [@B18], loss of LIS1 in osteoclast progenitor cells led to decreased osteoclast number and surface on trabecular bone *in vivo* (Figure [2](#F2){ref-type="fig"}A-B). The osteoblast differentiation, as shown by osteoblast number and surface, and the deposition of new bone, as indexed by the volume of osteoid (uncalcified new bone matrix), remained normal in LIS1 cKO mice (Figure [2](#F2){ref-type="fig"}C). These data indicate that LIS1 plays an important role in bone homeostasis by regulating osteoclast formation and bone resorption.

LIS1 regulates osteoclastogenesis through modulation of M-CSF/RANKL signaling pathways and survival/differentiation of osteoclast precursors
--------------------------------------------------------------------------------------------------------------------------------------------

To uncover the cellular and molecular mechanisms by which LIS1 regulates osteoclastogenesis, we conducted *in vitro* osteoclast cultures using bone marrow cells isolated from control and LIS1 cKO mice. As shown in Figure [3](#F3){ref-type="fig"}A, LIS1 protein expression was completely diminished in monocytes, pre-osteoclasts and mature osteoclasts generated from bone marrow cells of LIS1 cKO mice. Loss of LIS1 attenuated the formation of multinucleated osteoclasts, stained positively for TRAP (Figure [3](#F3){ref-type="fig"}B). This finding was further confirmed and quantified by decreased protein expression of Cathepsin K, a lysosomal acidic hydrolase highly expressed in osteoclasts (Figure [3](#F3){ref-type="fig"}A), and reduced level of medium TRAP5b, a specific marker of osteoclasts (Figure [3](#F3){ref-type="fig"}C), in LIS1-deficient mature osteoclasts. Furthermore, the mRNA expression of osteoclast marker genes, such as *Acp5*(encoding TRAP), *Ctsk*(encoding cathepsin K), and *Calcr*(encoding calcitonin receptor), in LIS1-null osteoclast lineage cells was greatly decreased, as measured by quantitative real-time PCR (Figure [3](#F3){ref-type="fig"}F). More importantly, the observed osteoclastogenic defect seemed to be intrinsic to osteoclast precursor cells because retroviral transduction of LIS1 in LIS1-null monocytes partially restored the formation of TRAP^+^, multinucleated osteoclasts (Figure [3](#F3){ref-type="fig"}D and 3E) and mRNA expression of osteoclast marker genes (Figure [3](#F3){ref-type="fig"}F). The exogenous expression of murine LIS1 in control monocytes had no effects on osteoclastogenesis (data not shown).

The magnitude of osteoclast formation *in vivo* and *in vitro* is regulated by proliferation, differentiation, and survival of osteoclast precursor and mature cells. To dissect which of these cellular processes was affected by LIS1 deficiency, we first plated increasing number of LIS1-null macrophages in osteoclast cultures. While increased cell density in control cultures resulted in earlier osteoclast formation and cell death after 4 days\' cultures (data not shown), three and five times more LIS1-deficient monocytes in the cultures significantly increased the formation of TRAP-positive, multinucleated osteoclasts after 4 days\' culture with M-CSF and RANKL (Figure [4](#F4){ref-type="fig"}A-B), suggesting that decreased number of osteoclast precursor cells led to defective osteoclast formation. Since LIS1 has been reported to regulate cell cycle progression in hematopoietic stem cells [@B24], we next tried to determine if such is a case in osteoclast precursor cells. To this end, control and LIS1-null macrophages were labelled with the fluorescent dye 7-aad (7-aminoactinomycin D) and the percentage of cell number in each stage of cell cycles was examined by flow-cytometry. Loss of LIS1 had little effect on cell cycle progression except a slight increase in sub G1 cells, an index of apoptotic cells (Figure [4](#F4){ref-type="fig"}C). Increased apoptosis in LIS1-deficient pre-osteoclasts, which was rescued by LIS1 reconstitution, was further confirmed by a Cell-Death ELISA (Figure [4](#F4){ref-type="fig"}D).

Intracellular signaling pathways activated by both M-CSF and RANKL play a critical role in osteoclastogenesis and cell survival *in vivo* and *in vitro* [@B25]. We then determined whether LIS1 modulates downstream signalings of M-CSF and RANKL in bone marrow monocytes. As shown in Figure [4](#F4){ref-type="fig"}E, the peak activation of ERK and AKT pathways, as demonstrated by their phosphorylation after 5-minute stimulation of M-CSF, was indistinguishable between control and LIS1-null monocytes. However, the prolonged activation of ERK induced by M-CSF was diminished in LIS1-deficient cells as compared to control monocytes. The maximum activation of JNK pathway by RANKL at 15-minute stimulation was intact in LIS1-deficient macrophages. In contrast, RANKL induced a prolonged JNK activation in LIS1-deficient cells that was not observed in control monocytes (Figure [4](#F4){ref-type="fig"}F). RANKL-activated NF-κB pathway, as detected by either phosphorylation or degradation of IκB, was not affected by LIS1-depletion. More importantly, the aberrant changes in M-CSF and RANKL signalings in LIS1-deficient monocytes were rescued by LIS1 re-expression in these cells, suggesting that these defects were caused intrinsically by the lack of LIS1 (right panels in Figure [4](#F4){ref-type="fig"}E and 4F). Since prolonged ERK activation has been reported to promote osteoclast survival whereas prolonged JNK induces osteoclast apoptosis [@B26], [@B27], these data indicate that LIS1 regulates survival of osteoclast lineage cells by fine-tuning modulation of ERK and JNK pathways activated by M-CSF and RANKL, respectively.

High doses of M-CSF, RANKL and PAF fail to rescue the osteoclastogenic defect in LIS1-null monocytes
----------------------------------------------------------------------------------------------------

It has been reported that high-dose of M-CSF and/or RANKL can overcome defects in osteoclast formation in certain *in vitro* experimental models [@B28], [@B29]. To test if such is case in LIS1-deficiency, we increased concentrations of M-CSF and/or RANKL in the culture medium. While causing earlier osteoclast formation and cell death by high doses of M-CSF and RANKL in control cultures (data not shown), 3- and 10-fold more RANKL failed to normalize osteoclast formation in LIS1-null cultures (Figure [5](#F5){ref-type="fig"}A-B). High-dose M-CSF slightly increased number of TRAP positive, multinucleated osteoclasts. LIS1 was originally identified as the regulatory subunit of PAFAH 1b complex which inactivates PAF by removing the acetyl group form the glycerol backbone of PAF [@B11]. Since PAF has been implicated as an important autocrine lipid messanger regulating osteoclast survival and function [@B14], we next determined whether addition of exogenous PAF in LIS1-deficient cultures could rescue osteoclastogenic defect. Figure [5](#F5){ref-type="fig"} C-D showed that PAF, up to 300nM of concentration, could not stimulate osteoclast formation in LIS1-deficient osteoclast precursor cells. Thus, LIS1 regulates osteoclast survival and formation through a PAF-independent mechanism.

Loss of LIS1 attenuates M-CSF and RANKL induced CDC42 activation and a constitutively active form of CDC42 partially rescues osteoclastogenesis in LIS1-deficient osteoclast precursors
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Like other small GTPases, CDC42 switches between GTP-bound active form and GDP-bound inactive form [@B30]. LIS1 and its binding protein NDEL1 have been shown to regulate CDC42 activation [@B15], [@B16]. We have previously reported that M-CSF and RANKL activate CDC42 in pre-osteoclasts and CDC42 is critical for osteoclast survival and formation *in vivo* and *in vitro*[@B17]. We, therefore, asked whether LIS1 modulates CDC42 activation in osteoclast precursor cells and whether CDC42 mediates LIS1\'s action on osteoclastogenesis. To address these questions, we first performed a CDC42-GTP pull-down assay in M-CSF and RANKL-stimulated control and LIS1-deficient pre-osteoclasts. Shown in Figure [6](#F6){ref-type="fig"}A and 6B, absence of LIS1 attenuated M-CSF-induced DCc42 activation at 30- and 60-minute time points. LIS1-deficiency also abrogated RANKL-induced CDC42 activation at 30- but not 60-minute stimulation. Retroviral transduction of LIS1, but not empty vector, in LIS1-null pre-osteoclasts partially rescued the decreased CDC42 activation. In consistence with an important role of CDC42 in osteoclastogenesis, retroviral transduction of a constitutively active form of CDC42 (CDC42Q61L), but not the wild type one, in LIS1-deficient bone marrow monocytes markedly increased the number of TRAP positive, multi-nucleated osteoclasts (Figure [6](#F6){ref-type="fig"}C and 6D). Taken together, these data indicate that LIS1 regulates osteoclast formation, at least in part, through its modulation of M-CSF and RANKL induced CDC42 activation.

Discussion
==========

Although LIS1 was first identified as a regulatory subunit of PAFAH 1b complex that metabolites PAF, subsequent genetic and cellular studies have uncovered that most well-known functions of LIS1 in mammalian cells, such as cell cycle progress, migration, and intracellular organelle transportation, are related to its regulatory role in the cytoplasmic dynein, a microtubule-based molecular motor complex [@B31]. In doing so, LIS1 forms an evolutionary conserved complex with NDE1 and NDEL1 [@B32], [@B33]. It has recently been shown that LIS1 regulates dynamic MAPK signaling threshold through a direct interaction with BRAP (BRCA1 associated protein), a MAPK modulator [@B34]. In our previous studies on PLEKHM1, a lysosomal adaptor protein functioning in osteoclast bone resorption, we have found that LIS1 interacts with PLEKHM1 and regulates microtubule dynamics, dynein function and lysosomal secretion in osteoclasts [@B18]. Unexpectedly, depletion of LIS1 expression in macrophages by short-hairpin RNAs (shRNAs) markedly decreased osteoclast formation *in vitro*. To gain better understanding of how LIS1 regulates osteoclastogenesis *in vivo* and *in vitro*, we generated conditional knockout mice with specific deletion of LIS1 gene in osteoclast precursor cells by crossing LIS1-floxed mice with LysM-Cre mice. We report here that loss of LIS1 in osteoclast progenitors in mice results in an increase in trabecular bone mass with decreasing number of osteoclasts on bone surface. In vitro mechanistic studies provide evidence that LIS1 regulates the survival of osteoclast precursor cells by modulating the kinetics of M-CSF-induced ERK and RANKL-activated JNK pathways. LIS1 promotes M-CSF and RANKL induced Cdc42 activation which, in turn, is critical for optimized osteoclastogenesis (Figure [6](#F6){ref-type="fig"}E).

It should be pointed out that the skeletal phenotypes in LIS1 conditional knockout mice are relatively minor given that loss of LIS1 in osteoclast progenitors dramatically inhibits osteoclast formation and function *in vitro* (present study and reference [@B18]). The exact explanations and the underlying mechanisms remain unclear and need to be further investigated. One possibility is that Ndel1 and/or Nde1 partially compensate loss of LIS1 functions in osteoclast lineage cells because these three protein have been reported to interact each other and coordinate their functions. Indeed, we found that the expression of NDEL1 and NDE1 was up-regulated in LIS1-deficient pre-osteoclasts and mature cells (supplemental Figure [2](#SM1){ref-type="supplementary-material"}).

In the present study, we focused on elucidating the cellular and molecular mechanisms by which LIS1 regulates osteoclastogenesis. Using bone marrow monocytes isolated from control and LIS1 conditional knockout mice and in vitro osteoclast cultures, we have found that loss of LIS1 in osteoclast progenitors attenuates osteoclast formation. Unlike in hematopoietic stem cells, the cell cycle progress in monocytes is not regulated by LIS1. Instead, loss of LIS1 promotes cell death in pre-osteoclasts. All these defects can be partially rescued by LIS1 reconstitution, suggesting that these effects are cell autonomous. Although activation of JNK pathway is required for RANKL-induced osteoclast differentiation [@B35], [@B36], prolonged JNK activation results in osteoclast apoptosis [@B27]. We have found previously [@B18] and in this study that LIS1 modulates the duration, but not their maximum activation, of M-CSF-induce ERK and RANKL-stimulated JNK activation in osteoclast lineage cells. Whether the function of LIS1 in this regard is mediated by BRAP as LIS1 does in neuronal cells [@B34] needs further investigation in the future. Together, these changes in the kinetics of M-CSF and RANKL signaling in LIS1-null osteoclast precursor cells lead to increased cell death during osteoclastogenesis.

It has been reported that high-dose of M-CSF and/or RANKL can rescue osteoclastogenesis defects in certain experimental models [@B28], [@B29]. It turned out this is not the case in terms of LIS1 deficiency. High-dose of M-CSF and RANKL failed to rescue decreased osteoclast formation in LIS1-null cultures. Similarly, PAF, a potent stimulator of osteoclast formation, could not rescue the defects in LIS1-deficient osteoclast progenitors. Instead, LIS1 participates in the activation of CDC42 induced by M-CSF and RANKL which modulates osteoclastogenesis in vivo and in vitro.

In closing, we have provided evidence indicating that LIS1 promotes M-CSF induced prolonged ERK activation and helps to restrict prolonged JNK activation which induces apoptosis in osteoclast precursor cells. In addition, LIS1 is required for the optimized CDC42 activation stimulated by both M-CSF and RANKL. Thus, LIS1 regulates the cell survival and/or differentiation of osteoclast precursors during osteoclastogenesis *in vivo* and *in vitro* (Figure [6](#F6){ref-type="fig"}E).
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![**Conditional deletion of LIS1 gene in osteoclast precursor cells in mice leads to increased bone mass in femurs.**(A) µCT images of distal femur of control (con) and LIS1 conditional knockout (cKO) mice. (B) µCT analysis of distal femurs of 5-month old male (con = 8, cKO = 11) and female (con = 20, cKO = 14) in C57BL6/129 mixed background. \* p \< 0.05, \*\* p \< 0.01 vs con by student *t-test*.](ijbsv12p1488g001){#F1}

![**Loss of LIS1 in osteoclast precursors results in decreased number of osteoclasts on trabecular bone.**(A) Lower (12.5 ×) and higher (100 ×) magnification microscopic images of TRAP-stained paraffin-embedded sections of distal tibia from 5-month old control (con) and LIS1 conditional knockout (cKO) female mice. White rectangles in lower magnification images indicate the areas shown in higher magnification images. Scale bars = 500 µm and 50 µm, respectively. (B) Histomorphometric analysis of TRAP-stained sections of distal tibia from 5-month old female control (n= 20) and cKO (n= 14) mice. (C) Histomorphometric analysis of Goldner-trichrome staining of distal femurs of 5-month old control and cKO female mice. \* p \< 0.05, \*\* p \< 0.01 vs control by Student\'s *t-test*.](ijbsv12p1488g002){#F2}

![**Loss of LIS1 in osteoclast precursor cells attenuates osteoclastogenesis *in vitro*.**(A) Western blots of protein expression of LIS1, cathepsin K (CTSK) in control (con) and LIS1 conditional knockout (cKO) bone marrow monocytes (m), pre-osteoclasts (pOC), and mature osteoclasts (OC). Dynein intermediate chain (DIC) served as a loading control. (B) Microscopic images of TRAP-stained osteoclasts. The original magnification: × 20. Scale bar = 200µm. (C) medium level of TRAP5b detected by an ELISA kit. The data are presented as mean ± s.d., n = 6. \*\* p \< 0.01 vs con by Student\'s *t-test*. (D) Microscopic images of TRAP-stained osteoclasts cultured from empty vector (EV) transduced con (con/EV), cKO cKO/EV), and cKO/LIS1-reconstituted bone marrow monocytes. The original magnification: × 20. Scale bar = 200µm. (E) The number of osteoclasts with more than three nuclei per well of a 48-well plate of cultures in (D). The data are presented as mean ± s.d., n = 6, \*\*\* p \< 0.001 by one-way ANOVA. (F) Real-time quantitative PCR analysis of mRNA expression of osteoclast marker genes, *Trap* (encoded by *Acp5*), *Cathepsin K* (encoded by *Ctsk*) , and *Calcitonin receptor* (encoded by *Calcr*). The data are presented as mean ± s.d., n = 3, \*\*\* p \< 0.001 by one-way ANOVA.](ijbsv12p1488g003){#F3}

![**LIS1 regulates survival of osteoclast precursors by modulating M-CSF and RANKL signaling pathways.**(A) Microscopic images of TRAP-stained osteoclasts cultured from control (con) and increasing number of conditional knockout (cKO) macrophages. The original magnification: × 20. Scale bar = 200µm. (B) quantification of TRAP-positive mature osteoclasts with more than 3 nuclei. Data are presented as mean ± s.d., n = 6, \*\*\* p \< 0.001 by one-way ANOVA. (C) Flow-cytometry analysis of cell cycle progression in con and cKO macrophages. n = 4. (D) Quantification of apoptosis by a Cell-Death ELISA in empty vector (EV) transduced con (con/EV), cKO (cKO/EV), and cKO/LIS1-reconstituted pre-osteoclasts. Data are presented as mean ± s.d., n = 6, \*\*\* p \< 0.001 by one-way ANOVA. nd, no statistical difference. (E) and (F) western blots of 50ng/ml M-CSF-induced activation of ERK and AKT pathways and 100ng/ml RANKL-stimulated JNK and NF-κB pathways in EV transduced con, cKO and cKO/LIS1-reconstituted bone marrow monocytes after an overnight serum and cytokine starvation. p-ERK, phosphorylated ERK; t-ERK, total ERK; p-AKT, phosphorylated AKT; t-AKT, total AKT; p-JNK, phosphorylated JNK; p-IκB, phosphorylated IκB; t- IκB, total IκB; DIC, Dynein intermediate chain.](ijbsv12p1488g004){#F4}

![High doses of M-CSF, RANKL, and PAF fail to rescue osteoclastogenic defects in LIS1-deficient osteoclast precursors. (A) and (C) Microscopic images of TRAP-stained](ijbsv12p1488g005){#F5}

![LIS1 modulates M-CSF and RANKL induced CDC42 activation and a constitutively active form of CDC42 (CDC42Q61L) partially rescues osteoclastogenic defect in LIS1-deficient osteoclast precursors. (A) Western blots of CDC42-GTP pull-down in empty vector (EV) transduced control (con/EV), LIS1 conditional deletion (cKO/EV), and cKO/LIS1-reconstituted pre-osteoclasts stimulated by 50ng/ml of M-CSF or 100ng/ml of RANKL after a three-hour serum and cytokine starvation. (B) Densitometry measurements of (A) by NIH Image J software. (C) Microscopic images of TRAP-stained osteoclasts cultured from LIS1-deficient bone marrow monocytes transduced with a retro-viral EV or vectors expressing wild type CDC42 (CDC42 WT) and a constitutively active CDC42 (CDC42Q61L). The original magnification: × 20. Scale bar = 200 µm. (D) cell counts of TRAP-positive mature osteoclasts with more than 3 nuclei. Data are presented as mean ± s.d. n = 6. \*\*\* p \< 0.001 vs EV and CDC42WT by one-way ANOVA. (E) A working model of the role of LIS1 in osteoclastogenesis. Green highlights the molecules and pathways regulated by LIS1 in osteoclast precursor cells.](ijbsv12p1488g006){#F6}
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